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Abstract In 17 out of the 29 Phase 5 of Coupled Model Intercomparison Project (CMIP5) climate models
examined in this work, near-surface air relative humidity (RH) frequently exceeded 100% with respect to
ice in polar areas in winter. The degree of supersaturation varied considerably across the models, and the
same evidently applies to the causes of the phenomenon. Consultations with the modeling groups revealed
three categories of explanations for supersaturation occurrence: speciﬁcation of RH with respect to ice
rather than liquid water; inconsistencies in the determination of speciﬁc humidity and air temperature for
the near-surface level; and the nonlinearity of saturated speciﬁc humidity as a function of temperature.
Modeled global warming tended to reduce the artiﬁcial supersaturations, inducing a spurious negative
trend in the future RH change. For example, over East Antarctica under Representative Concentration
Pathway 8.5, the multimodel mean RH would decrease by about 10% by the end of the ongoing century.
Truncation of overly high RHs to a maximum value of 100% cut the RH response close to zero. In Siberia
and northern North America, truncation even reversed the sign of the response. The institutes responsible
for the CMIP6 model experiments should be aware of the supersaturation issue, and the algorithms used
to produce near-surface RH should be developed to eliminate the problem before publishing the RH
output data.
Plain Language Summary In the atmosphere, observed relative humidity is between 0% and
100%. However, some climate models produce spurious higher than 100% humidities. The problem
only concerns polar areas in winter. As temperatures rise in the future, such model-produced excessively
high relative humidities partially vanish. Unfortunately, this induces a spurious negative trend in the future
humidity projections. Such a spurious component in the simulated trend complicates discerning the real
physically based trend. The spurious trend could be eliminated by truncating the portion of relative
humidity that exceeds 100% in the model output data. Even so, this may not be fully adequate for
elaborating reliable humidity projections for polar areas. Therefore, it is highly desirable that the relative
humidity calculations in the climate models would be developed so that unrealistic relative humidities
would not occur in future model generations. We emphasize that this issue only concerns humidity
projections and does not aﬀect model-based predictions of temperature and precipitation change.
1. Introduction
In tandem with global warming, near-surface relative humidity (RH) is projected to decrease in a majority of
continental areas [Intergovernmental Panel onClimate Change (IPCC), 2013]. According to Berg et al. [2016] and
Byrne and O’Gorman [2016], this is basically caused by more rapid warming over continents compared with
oceans. Consequently, in the air advected from oceans to continents, speciﬁc humidity increases more slowly
than the saturation speciﬁc humidity over the continents. An additional factor reducing RH over the conti-
nents is the feedback induced by diminishing soil moisture.
In general, models simulate a decrease in RH for polar areas in winter as well, even though the intermodel
agreement is fairly modest [IPCC, 2013, Figure 12.21]. On the other hand, simulated changes in several other
climate variables rather exhibit a tendency toward wetter conditions: winter precipitation and cloudiness are
simulated to increase at high latitudes, for instance [e.g., IPCC, 2013, Figures 12.22 and 12.17]. Moreover, in
their study based on a limited ensemble of previous generation climate models, Ruosteenoja and Räisänen
[2013] reported an increase in wintertime 1000 hPa RH for northern Europe. In northern boreal areas
RESEARCH ARTICLE
10.1002/2017JD026909
Key Points:
• Near-surface air relative humidities
considerably above 100% are
common in high latitudes in the
output of CMIP5 climate models
• The severity of supersaturations varies
much between the models, and three
candidate explanations for the issue
are given
• Projected future warming acts to
reduce supersaturation, inducing a
spurious negative trend in humidity
for wide high-latitude areas
Supporting Information:
• Supporting Information S1
Correspondence to:
K. Ruosteenoja,
kimmo.ruosteenoja@fmi.ﬁ
Citation:
Ruosteenoja K., K. Jylhä, J. Räisänen,
and A. Mäkelä (2017), Surface air
relative humidities spuriously
exceeding 100% in CMIP5 model
output and their impact on future
projections, J. Geophys. Res.
Atmos., 122, 9557–9568,
doi:10.1002/2017JD026909.
Received 4 APR 2017
Accepted 19 AUG 2017
Accepted article online 24 AUG 2017
Published online 18 SEP 2017
©2017. American Geophysical Union.
All Rights Reserved.
RUOSTEENOJA ET AL. RELATIVE HUMIDITIES EXCEEDING 100% 9557
Journal of Geophysical Research: Atmospheres 10.1002/2017JD026909
during the past few decades, observational analyses likewise show an overall moistening trend in RH [Willett
et al., 2014].
In the present work, founded on recent-generation global climate models (GCMs) participating in the Phase
5 of Coupled Model Intercomparison Project (CMIP5), we demonstrate that humidities distinctly above 100%
with respect to ice are very common in the archived model output ﬁles. Supersaturations cluster in the
high-latitude areas of the winter hemisphere. The main purpose of the work is to explore how this artifact
inﬂuences the future projections of RH, but potential explanations for the supersaturation phenomenon are
sought as well. The occurrence of supersaturation in model output was mentioned in Lehtonen et al. [2016],
but to our knowledge, the issue has not been investigated in detail hitherto.
The water vapor capacity of air is largest in high temperatures, and accordingly, the impacts of RH have been
studied most widely in warm conditions. To mention some examples, RH contributes to the growth of crops
[e.g.,Assengetal., 2015], human comfort andheat stress [e.g.,Willett andSherwood, 2012; KnutsonandPloshay,
2016], wildﬁres [e.g., Lehtonen et al., 2014; Vajda et al., 2014], and surface evapotranspiration and soil moisture
[e.g., Seneviratne et al., 2010; Ruosteenoja et al., 2017]. Even so, air humidity has multiple implications in areas
with cold climate as well. Humidity deﬁcit in the air, in conjunction with katabatic winds, acts to evaporate
ice in the Antarctic ice sheet, thus being one determinant for the surface mass balance [van den Broeke et al.,
2006;Andersenetal., 2015]. Accumulation of ice and snow inwindpowermills [Parentand Ilinca, 2011], electric
wires [Makkonen and Wichura, 2010], and tree crowns in boreal forests [Lehtonen et al., 2016] is aﬀected by
air humidity. High RH exacerbates moisture loads in buildings, increasing the risks of mold exposure in the
structures [Viitanen et al., 2010] and frost damages in concrete facades [Lahdensivu et al., 2011]. Furthermore,
RH is a key factor for the formation of fog [e.g., Ding and Liu, 2014] and cloudiness [e.g., Andreas et al., 2002],
with implications on the radiative balance of the surface.
Although the detected supersaturations occur exclusively at high latitudes, this phenomenonmay be an indi-
cation of more general deﬁciencies in model-produced near-surface humidities. In section 5.2, we present
three viable explanations for the unrealistic values of RH at the near-surface level. These alternative explana-
tions are based on correspondence with multiple modeling groups as well as on our own analyses. Two of
these three potential causes would also have inﬂuence on RH output outside of polar areas.
In this paper, we ﬁrst introduce the GCM data exploited (section 2). Thereafter, we explore the incidence of
higher than 100%humidities in the GCMoutput (section 3) and assess the inﬂuence of supersaturation occur-
rence on the future projections of RH (section 4). This is performed by comparing RH projections derived from
the unmodiﬁed GCM output to those calculated after truncating higher than 100% humidities in the output
data. In order to discern the inﬂuence of the RH artifacts on the climate change signal most eﬀectively, we
focus on the high-emission Representative Concentration Pathway scenario RCP8.5. Next, we contemplate to
what extent the high RHs occurring in the model output are realistic and explore potential causes for their
occurrence (section 5). Finally, conclusions are presented in section 6.
2. Model Data
The climate models analyzed in this work are listed in Table 1. Monthly mean RH data were studied for
29 GCMs, considering all the parallel runs available. Daily mean data were examined only from 18 GCMs
(Table 1). The number of GCMs was restricted by the fact that some modeling centers did not provide any
RH data and several others have published RH only at monthly but not at daily time frequency. Moreover, for
daily data, we did not include more than two model versions from any individual center and only analyzed a
one parallel run for every GCM.
In the model output ﬁles, RH is expressed with respect to liquid water in above zero temperatures and to ice
in below-freezing temperatures. To calculate multimodel statistics, RH data represented on the original grids
of each individual model were interpolated linearly onto a common 2.5∘ latitude-longitude grid.
3. Occurrence of Supersaturation in Model Output
To assess the severity of the supersaturation issue in individualmodel runs, we calculated, separately for every
calendar month and grid point of the 2.5∘ grid, a temporal mean for the exceedance of RH= 100%:
EX = 1
y2 − y1 + 1
y2∑
y=y1
max(RH − 100%, 0) (1)
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Table 1. Global Climate Models Analyzed for the Occurrence of Supersaturated Near-Surface
Relative Humiditiesa
Model Country Nmon Nday EX
N
hist
EXN
RCP8.5
EXS
hist
EXS
RCP8.5
MIROC5 Japan 3 1 5.60 0.76 2.42 1.69
MIROC-ESM Japan 1 1 0.00 0.00 0.00 0.00
MIROC-ESM-CHEM Japan 1 - 0.00 0.00 0.00 0.00
MRI-CGCM3 Japan 1 1 0.00 0.00 0.00 0.00
BNU-ESM China 1 1 0.00 0.00 0.00 0.00
FGOALS-s2 China 3 1 0.00 0.00 0.00 0.00
BCC-CSM1-1 China 1 1 0.00 0.00 0.00 0.00
INMCM4 Russia 1 1 2.81 1.54 19.61 13.71
NorESM1-M Norway 1 1 0.40 0.02 0.90 0.39
NorESM1-ME Norway 1 - 0.47 0.03 1.16 0.49
HadGEM2-ES UK 4 1 0.94 0.21 3.88 2.32
HadGEM2-CC UK 3 1 1.06 0.26 3.84 2.42
HadGEM2-AO UK 1 - 0.86 0.32 3.76 2.13
CNRM-CM5 France 5 1 0.00 0.00 0.00 0.00
IPSL-CM5A-LR France 4 1 0.00 0.00 0.00 0.00
IPSL-CM5A-MR France 1 1 0.00 0.00 0.00 0.00
IPSL-CM5B-LR France 1 - 0.00 0.00 0.00 0.00
GFDL-CM3 USA 1 1 0.66 0.21 6.93 4.08
GFDL-ESM2G USA 1 - 0.38 0.24 1.39 1.09
GFDL-ESM2 M USA 1 1 0.33 0.27 1.36 1.07
GISS-E2-R USA 1 - 0.16 0.06 4.02 2.51
GISS-E2-H USA 1 - 0.20 0.04 3.32 1.92
NCAR-CCSM4 USA 6 1 0.22 0.02 1.06 0.30
NCAR-CESM1-CAM5 USA 3 - 4.73 1.56 7.69 4.51
NCAR-CESM1-BGC USA 1 - 0.21 0.02 1.01 0.31
CanESM2 Canada 5 1 0.00 0.00 0.00 0.00
ACCESS1-0 Australia 1 - 1.09 0.39 4.24 2.77
ACCESS1-3 Australia 1 - 3.05 1.35 5.86 4.37
CSIRO-Mk3-6-0 Australia 10 1 0.00 0.00 0.00 0.00
aTheﬁrst and secondcolumns state themodel acronymand the country of origin. Third and
fourth columns indicate the count of parallel runs included in the analysis of the monthly and
daily model output for the RCP8.5 scenario. The last four columns show the spatially averaged
temporal means for the 100% RH exceedances in northern areas from December to February
(60–90∘N; index N) and southern areas from June to August (60–90∘S; index S); both are
given separately for the periods 1961–2005 (EXhist) and 2070–2099 under RCP8.5 (EXRCP8.5)
(unit percent).
where y1 and y2 stand for the ﬁrst and last year of the period examined and RH is the modeled monthly
mean humidity. To eliminate the inﬂuence of potential rounding errors, only cases with RH >100.1% were
incorporated in the sum. Note that EX characterizes both the frequency and magnitude of the supersat-
uration events.
Humidities higher than 100% are concentrated in the polar areas of the winter hemisphere. Considering the
multimodel mean (Figure 1), the temporally averaged supersaturation is largest over central East Antarctica
in June–August; over wide areas, EX exceeds 20%. Less extreme but still notable supersaturation occurs in
the ocean areas adjacent to Antarctica and in the polar areas of Northern Hemisphere. In summer, the super-
saturations are far weaker than in winter, the maximum values of EX being ∼1% in the south and ∼0.1% in
the north.
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Figure 1. Temporally averaged supersaturation (in percent; see equation (1) in (a) southern and (b) northern polar areas
in winter during the period 1961–2005; the mean over the 29 GCMs is listed in Table 1. (c and d) The corresponding
distributions for the period 2070–2099 under RCP8.5.
The degree of supersaturation varies widely across the 29 GCMs. To elucidate this, a spatial average of the
supersaturation parameter EX from the 60th latitude to the pole is shown in Table 1 for the individual GCMs,
and the geographical distribution of EX for the fourworst-behavingmodels in the corresponding hemisphere
is given in Figures 2 and 3. Themost severe supersaturation, with the spatially averaged EX higher than 5% in
either polar area during the historical period 1961–2005, occurs in INMCM4, NCAR-CESM1-CAM5, GFDL-CM3,
ACCESS1-3, and MIROC5. In the south, in all cases EX is largest over East Antarctica (Figure 2); in INMCM4 and
GFDL-CM3, supersaturationexceeds200%. In thenorth, inMIROC5andNCAR-CESM1-CAM5 theoccurrenceof
supersaturation is concentratedover theArcticOcean and itsmarginal seaswhile for ACCESS1-3 and INMCM4,
continental areas are aﬀected most seriously (Figure 3). On the other hand, in the monthly mean output ﬁles
of 12 GCMs, RH never exceeds 100%.
When studying the temporal covariability of monthly mean RH and temperature, we found that the highest
relative humidities typically coincided with negative temperature anomalies while mild months tended to
show weaker supersaturation. Moreover, the simulated supersaturations are mitigated by the end of the
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Figure 2. Temporally averaged supersaturation EX (in percent, see equation (1) for the southern winter months
(June–August) during the period 1961–2005 derived from the historical runs of four GCMs: INMCM4,
NCAR-CESM1-CAM5, GFDL-CM3, and ACCESS1-3. Note the quasi-logarithmic color scale.
21st century (Table 1 and Figure 1), along with the projected warming. For models showing the strongest
supersaturation, the spatially averaged EX in southern winter is reduced by more than a fourth compared to
the historical period values. For several other models with a more modest supersaturation, the decrease in
relative terms is even larger. In northern polar areas, EX declines by more than a half, with the exception of
threemodels. These ﬁndings suggest that the supersaturation problem is closely related to the occurrence of
low temperatures.
In the output ﬁles of themost GCMs studied in this work, monthly mean RH equaled the linear average of the
dailymeans. Thereby, supersaturation existed in the daily data of all those GCMs inwhich the supersaturation
occurred in the monthly mean output (Table 1). In addition, higher than 100% humidities were found in the
daily mean data of MIROC-ESM and FGOALS-s2, even though supersaturations were absent in the monthly
means. A closer inspection of the MIROC-ESM output ﬁles revealed that in those months when the average
calculated from thedailymeans exceeded 100%, in themonthlymeanoutput ﬁle RH≡100%; i.e., supersatura-
tions have been truncated in themonthly but not in the daily mean data (in FGOALS-s2, monthly values were
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Figure 3. Temporally averaged supersaturation (in percent) for the northern winter months (December–February)
during the period 1961–2005 derived from the historical runs of four GCMs: MIROC5, NCAR-CESM1-CAM5, ACCESS1-3,
and INMCM4.
not the simple averages of daily means). Furthermore, in many GCMs in which exceedances occurred neither
in the daily nor monthly data, humidities between 99.9 and 100% were very common in polar areas, having
relative frequencies up to ∼50%. This might indicate that, in these models as well, exceedances of 100% RH
would have occurred in the original model output but they have been cleaned out before publishing the
archived ﬁles.
Finally, it should bementioned that in the output of two GCMs (INMCM4 and GFDL-ESM2M) negative relative
humidities were encountered in small areas at high latitudes.
4. Inﬂuence of Modeled Supersaturation on Future RH Projections
To assess the importance of the simulated supersaturations on the future projections of RH change, the pro-
jectionswere calculatedwith three alternativemethods. First, we used the original unmodiﬁedmodel output.
Second, the projections were calculated after truncating all the supersaturated humidities to 100% in the
monthly meanmodel output. Third, truncation to 100%was carried out for the daily data; the truncated daily
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Figure 4. Projected changes in RH (in percent) in Southern Hemisphere winter (June–August) from 1981–2010 to
2070–2099 under RCP8.5 as the mean of the 18 GCM simulations listed in column 4 of Table 1: (a) the responses
derived from the original model output and (b) from the output with relative humidities higher than 100% truncated
in daily mean data; (c) the diﬀerence between Figures 4b and 4a and (d) the diﬀerence between the multimodel mean
responses with supersaturations truncated from monthly means versus without truncation. For consistency, in creating
these maps, only a single parallel run was included from every model.
means were then used to calculate monthly means, from which the actual future projections were derived.
In all three alternatives, the projections were ﬁrst calculated separately for every model, and the responses
were then averaged over the 18-GCM ensemble by giving equal weights for all models.
The inﬂuence of truncation is most pronounced over Antarctica (Figure 4). When using the unmodiﬁed
model output, RH would decrease virtually everywhere to the south of∼ 60∘S, by up to 12% over the central
East-Antarctic plateau (Figure 4a). When all the exceedances over RH=100% are truncated from daily data,
the calculated RH response over the Antarctic continent is invariably close to zero and in wide areas even
slightly positive (Figure 4b). Truncation makes the RH response more humid everywhere over the continent,
with the largest impact (locally > 10%) over East Antarctica (Figure 4c). (Note that, in the models and areas
suﬀering from severe supersaturation, the truncated RH equals 100% for a large portion of time, both during
the baseline and future periods. This inevitably results in a small response in the time-mean RH for those
models. This feature is to some extent reﬂected in the multimodel mean response as well.)
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Figure 5. As in Figure 4 but for the Northern Hemisphere winter (December–February).
In northern polar areas, the inﬂuence of truncation is qualitatively similar but weaker than in the south
(Figure 5). The truncated RH projections are typically 1–3%moister than those derived from the unmodiﬁed
model output, with the largest deviations near Spitsbergen (Figure 5c). In wide areas of Siberia and northern
North America, the sign of projected RH change reverses from negative to positive as a consequence of
truncation (Figures 5a and 5b).
The impact of truncation is qualitatively similar regardless of whether supersaturations are cut oﬀ from the
daily or monthly means (Figures 4c and 4d and 5c and 5d). Over the areas of moderate supersaturation,
however, truncationworksmost eﬀectivelywhen implemented for the dailymeans; this is particularly evident
in the north. When studying the monthly mean data, the inﬂuence of truncation is fairly similar regardless of
whether all the 29 GCMs (Figures S1 and S2 in the supporting information) or only 18 GCMs (Figures 4 and 5)
are studied.
Outside of the polar areas of the winter hemisphere, the inﬂuence of truncation was negligible (a few tenths
of percent at maximum) or zero, regardless of the truncation method used.
The importance of truncating supersaturations varies strongly among the models, being largest for those
GCMs that exhibit the most severe supersaturation during the baseline period (Table 1). In this respect,
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the response of INMCM4 over southern polar areas constitutes an illustrative example (Figure S3). Without
truncation, RH would (unphysically) decrease by up to more than 100% while the corresponding response
calculated from data truncated at the daily level is smaller than 1%. In GFDL-CM3, truncation locally reduces
drying by more than 50% and in NCAR-CESM1-CAM5 and ACCESS3-1, over 10% (Figures S4–S6). In the
northern areas, the impact of truncation for ill-behaved models is at most ∼10% (Figures S7–S10).
Even in thepolar areas, all features of themultimodelmeanRHchange are not sensitive to the excessively high
modeled humidities. In particular, the large decline of RH over several high-latitude ocean areas is apparent
both in the untruncated and truncated data. Over the Barents Sea, for instance, themaximumdrying is about
14% in the truncated and 16% in untruncated data (Figure 5).
As an additional assignment, we calculated the RH responses from unmodiﬁed monthly data by solely con-
sidering those nine GCMs in which supersaturations were absent (Table 1; the MIROCmodels and FGOALS-s2
were also excluded due to the occurrence of supersaturation in daily output ﬁles). Focusing on those models
totally eliminated the spurious negative RH response over East Antarctica (not shown). Nonetheless, such
a small ensemble of GCMs may not be representative enough for elaborating RH projections for practical
applications.
5. On the Physical Interpretation of the Findings
In the GCM output ﬁles, humidities exceeding 100% primarily occur in the areas and seasons with mean
temperatures far below 0∘C. In the model-produced time series, the degree of supersaturation correlates
negatively with temperature ﬂuctuations. Furthermore, the supersaturations ease by the end of the ongoing
century, concurrently with projectedwarming. This indicates that the exceedingly high humidities are related
to the occurrence of low air temperatures.
5.1. Supersaturations in the Real Atmosphere
In the realworld, near-surface air supersaturations comparable to those occurring in the output ﬁles of several
GCMs do not appear plausible. In southern polar areas, meteorological observations only reveal humidi-
ties slightly above 100% with respect to ice [Andreas et al., 2002; Genthon et al., 2010]. In the fringe areas of
Antarctica, katabatic winds even act to engender quite low relative humidities, with time-mean values locally
smaller than 40% [Andersen et al., 2015].
Admittedly, in situ humidity measurements in below-freezing temperatures involve challenges. During
potential supersaturation events, air humidity above the saturation vapor pressure with respect to ice (frost
point) would tend to sublimate onto the device rather than getting measured by the sensing element
[Makkonen, 1996].
On the other hand, in the free atmosphere a lack of freezing nuclei may allow substantial supersaturations.
For example, by analyzing satellite measurements, Gettelman et al. [2006] reported humidities signiﬁcantly
above 100% with respect to ice at the 300 and 500 hPa levels over central Antarctica, particularly during
autumn and winter.
5.2. Potential Causes of Supersaturations in Model Output
To survey potential causes behind the supersaturations apparent in the model output data, we also brieﬂy
explored modeled relative humidities in the free atmosphere represented at constant-pressure levels.
This analysis included 14 models, excluding those for which pressure-level data were not available as well
as parallel model versions from some modeling centers. For technical reasons, we limited this analysis to
relatively short (typically 5 years) time series.
For 4 models out of the 14 ones analyzed within this subtask, the output data were completely free from
supersaturations, both at the 2 m level and at isobaric levels: MRI-CGCM3, CNRM-CM5, IPSL-CM5A-LR,
and CanESM2. In NCAR-CCSM4 and NorESM1-M, supersaturations were found in the near-surface layer
but they were negligibly small in the lower tropospheric levels, at most ∼ 0.1%. In INMCM4, GFDL-CM3,
and GFDL-ESM2M, supersaturations were likewise far weaker (albeit not negligible) in the free atmosphere
than near the surface. Conversely, prominent supersaturations occurred in both subdomains in MIROC5,
HadGEM2-ES, ACCESS1-3, and in the daily data of MIROC-ESM. In CSIRO-Mk3-6-0, there were signiﬁcant
supersaturations in the free atmosphere but not in the near-surface layer. This suggests that, in this model,
unphysically high humidities may have been truncated afterward from the near-surface data.
RUOSTEENOJA ET AL. RELATIVE HUMIDITIES EXCEEDING 100% 9565
Journal of Geophysical Research: Atmospheres 10.1002/2017JD026909
The above ﬁndings seem to indicate that the ultimate origin of the supersaturation issue diverges among the
GCMs inspected. Evidently, in somemodels supersaturations originate from the core of themodel algorithm,
while in others they have been formed only in the stage of creating the surface air moisture ﬁelds. It is likely
that in several models both factors play a role: some degree of supersaturation has developed within the
dynamic calculations but the excessive relative humidities have further been ampliﬁed when building the
surface air humidity ﬁelds. The divergent nature of the supersaturation issue is also reﬂected in the geograph-
ical distribution of supersaturation. For example, particularly in the Northern Hemisphere, in some models
supersaturation mainly occurs over the Arctic Ocean, in others over continents (Figure 3).
Like the surface air ﬁelds, neither do the isobaric level ﬁelds represent the actual intrinsic model data but
have been interpolated from the values given at model hybrid levels. A more comprehensive picture of the
genuine modeled humidities would have been obtained by studying such vertically uninterpolated RH data.
Unfortunately, original model-level data were only available from the IPSL models in which supersaturations
do not occur (Table 1).
No harmonized documentation about the processing of surface air RH in individual models is available [Byrne
and O’Gorman, 2016]. Therefore, to obtain a deeper insight into the reasons of the supersaturation problem,
we contacted the modeling groups responsible for the GCMs analyzed in the present work. Feedback to our
inquiry was received frommore than a half of the groups consulted, even though several respondents regret-
ted that their resources did not allow a comprehensive inspection of the problem. In the responses, potential
explanations for the occurrence of supersaturationswere roughly divided into three categories: the deﬁnition
of RHwith respect to ice rather than liquidwater, contradictions in the determination of speciﬁc humidity and
air temperature for the near-surface level, and the nonlinearity of saturated speciﬁc humidity as a function of
temperature.
As stated in the previous subsection, in the free atmospheremoderate supersaturationswith respect to ice are
physically plausibledue to the scarcity of icingnuclei. In theMIROCmodels, for instance, supersaturationswith
respect to ice (but not to liquid water) are additionally allowed at the lowermost model levels. The resulting
high values of humidity are reﬂected in RH at the 2 m level. To give a theoretical upper limit, 100% RH with
respect to supercooled liquid water would correspond to a 121% (147%) RH with respect to ice at the −20∘C
(−40∘C) temperature [Andersen et al., 2015, equation (1)]. In many models (e.g., MRI-CGCM3 and the GFDL
models), RH is determined with respect to a blended ice-liquid water saturation pressure (rather than purely
liquid water), and the resulting supersaturations with respect to ice would be more moderate. Presumably,
this is at least a partial explanation for supersaturations in those models in which overly high RHs occur both
in the near-surface data and higher aloft.
In many models, air temperature and speciﬁc humidity for the 2 m height are calculated independently by
using the Monin-Obukhov similarity theory. Accordingly, the “interpolation” procedure is far more sophisti-
cated than simple linear interpolation, for instance. If the values derived for near-surface speciﬁc humidity and
air temperature are not mutually consistent, speciﬁc humidity may exceed the saturated speciﬁc humidity
(that is determined by air temperature and pressure), leading to an apparent supersaturation. This poten-
tial explanation was mentioned in all of the three most comprehensive responses received to the query, i.e.,
in those from the centers hosting the NorESM, GFDL, and GISS models. This makes us to suspect that such an
inconsistencymay be quite a common source of supersaturations in the near-surface data. It is widely known
that the treatment of extremely stably stratiﬁed boundary layers is challenging for atmospheric models;
e.g., the Monin-Obukhov similarity theory applied generally in models does not work reliably [Mahrt, 2014].
According to the present analysis, spurious supersaturations tend to focus speciﬁcally on the polar areas
of the winter hemisphere, i.e., on the areas where permanent surface inversions are most intense. Inconsis-
tencies in boundary layer schemes may be responsible for RH >100% occurrence in those models in which
supersaturations occur exclusive at 2 m or they are substantially stronger at 2 m than in the free atmosphere.
Moderate supersaturations may be caused by the nonlinear dependence of saturation-speciﬁc humidity on
temperature. This possibility was mentioned, e.g., by the groups responsible for the INMCM4 and the GISS
models. If air in the lowermost atmospheric layers is close to the saturation state and a strong temperature
inversion prevails, supersaturation in the near-surface air may be generated by of the vertical interpolation
scheme. To give a simple example, if air temperature at the ground level were −20∘C and at the lowermost
atmosphericmodel level−10∘C, and RH at both levels 100%, a plain arithmetic averaging of speciﬁc humidity
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and temperature between the levels would yield a RH of 110%. However, extremely high supersaturations are
diﬃcult to explain by this phenomenon alone.
The ﬁrst of the explanations proposed above (RH calculated with respect to ice versus liquid water) is able to
produce physically spurious humidities only in subzero temperatures. The twoother phenomena, by contrast,
may cause unrealistic relative humidities outside of the high-latitude areas as well, even though such artifacts
do not become apparent as higher than 100% humidities in daily and monthly means.
In some models (e.g., BNU-ESM and BCC-CSM1-1) supersaturations do not occur since RH has deliberately
been constrained to be ≤100% during the model run.
In several responses from the modeling groups it was emphasized that RH at 2 m is only an output product
of the run that is not fed back into the model algorithm [cf. Gleckler et al., 2008]. Hence, even the occur-
rence of pronounced supersaturation in themodel output data (Table 1) does not generally invalidate model
projections for other climate variables, e.g., temperature and precipitation.
6. Conclusions
In the archived output ﬁles of the majority of the CMIP5 GCMs inspected in this work, near-surface relative
humidities above 100% with respect to ice are quite common in polar areas in winter. In conjunction with
simulated future warming, the artiﬁcial supersaturations tend to weaken. This reduction of exceedances
engenders a spurious negative trend in RH for high latitudes as a response to the RCP8.5 forcing. A truncation
of the excessively high humidities in themodel output before calculating the projections proved to eliminate
this tendency, particularly over land areas. Conversely, over several high-latitude ocean areas, a substantial
future decline in RH is preserved. Presumably, this oceanic trend is a true one, caused by the reduced static
stability and enhanced vertical mixing induced by the retreat of sea ice.
Thereby, many previously published model-derived RH projections for polar continental areas should be
regarded as suspicious. For example, the RH projection shown in Figure 12.21 of IPCC [2013] resembles that
in our Figure 4a. In particular, a pronounced decline is apparent over East Antarctica, indicating that the
projection has been founded on unmodiﬁed RH data.
It is evident that the truncation of excessively high humidities is not suﬃcient for eliminating all artifacts in
the RH data. For example, during a day with the mean RH> 100%, RH may actually have stayed below 100%
for a substantial time. Thereby, if the truncation of supersaturations were performed at an instantaneous
level, the resulting daily mean RH would be below rather than equal to 100%. In addition, spuriously high
humidities in polar areas may be a symptom of more widespread problems in the schemes used to calculate
the near-surface RH. Accordingly, in the models exhibiting severe supersaturations at high latitudes, RH data
might be questionable elsewhere as well. The RH data from thosemodels should thus be takenwith a caution
globally, both when regarding recent past climate and projections for the future.
If unrealistic RH data are used as an input in climate change impactmodels, e.g., to calculate ice accumulation
in tree crowns or moisture loads in buildings, the inferred consequences of climate change on the system
may become severely distorted. In any case, it is highly recommendable to check the physical plausibility
of the model-derived input data before using it for any application (or calculating multimodel means), but
unfortunately this step is often neglected.
In the multimodel mean response, the impact of the truncation of spurious supersaturations proved to be
minor outside of the polar areas. Nevertheless, in some individual GCMs (e.g., INMCM4, NCAR-CESM1-CAM5,
and ACCESS1-3) the area aﬀected by supersaturations was wider. In elaborating RH projections for northern
boreal areas in winter, the projection should not be founded on any of these particular GCMs alone or on a
limited ensemble of GCMs within which the weight of such ill-behaved models would be large.
Finally, we wholeheartedly recommend that all the institutes conducting CMIP6 GCM simulations should
be informed about the supersaturation issue discussed in this work. Primarily, the procedures applied to
producing near-surface RH data should be revised to avoid the occurrence of signiﬁcant supersaturations.
A straightforward truncation of higher than 100%humidities either during themodel run or afterward before
publishing the archived data does not solve the problem perfectly; rather, the algorithms used in calculating
near-surfaceRHdata shouldbe reformulated to eliminate the fundamental causes of supersaturation. Even so,
many modeling groups may not have suﬃcient resources to perform the required revisions within the
RUOSTEENOJA ET AL. RELATIVE HUMIDITIES EXCEEDING 100% 9567
Journal of Geophysical Research: Atmospheres 10.1002/2017JD026909
timetable allocated for the CMIP6 runs. Itmight therefore be appropriate to include RHextracteddirectly from
the lowermost model hybrid level in the CMIP6 data archive, besides RH at the 2 m height; this ﬁeld is not
contaminated by the inﬂuence of vertical interpolations. To keep the sizes of data ﬁles reasonable and thus
facilitate downloading the data, the lowermost-level RH ﬁelds should be provided as separate data ﬁles that
do not contain RH data higher aloft in the atmosphere. The users could employ these data sets as a surrogate
for near-surface air RH, e.g., by applying bias correction. In thosemodels in which RH in subzero temperatures
has been calculated with respect to a linear combination of the saturation pressures of ice and liquid water
even at the lowest level, it would be preferable to directly publish this quantity rather than transforming it into
RHwith respect to ice. Thesemeasuresmight signiﬁcantlymitigate the supersaturation problem in the output
data of the nextmodel generation and thusmake the near-surface air humidity projectionsmore reliable than
those derived from the recent CMIP5 GCM ensemble.
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